Abstract. Networks of nanotubes and microtubules are highly valued in cellular communication, and collective cancer movement has been revealed to be associated with cell information exchange. In the present study, cellular communication was demonstrated to participate in mammosphere growth, differentiation and collective invasion. By promoting differentiation, networks of cells and microtubule-like structures were verified. Analyses of cell cycle progression, stemness markers and gene expression indicated that mammospheres had collective characteristics of stemness and differentiation. Invasion assays revealed that networks of microtubule-like structures promoted collective invasion. Conversely, using anti-angiogenic intervention, the growth of stem-like mammospheres and cellular communication links were effectively inhibited.
Introduction
Cancer stem cells (CSCs) are considered the source of cancer recurrence, treatment resistance and distant metastasis (1) . Al-Hajj et al (2) reported that the cluster of differentiation (CD)44 + CD24
-/low Lineage -breast cancer cells are consistently considered breast CSCs (BCSCs). As research has progressed, further BCSC markers, such as aldehyde dehydrogenase 1 (3) and CD133 (4), have been identified. In clinical analysis, stemness and phenotypic markers exhibit more heterogeneity in the intra-tumor heterogeneity as partially attributing to the different CSCs and subclones of cancer cells (5,6). In addition, researchers have reported that collective cancer movement promotes tumor progression through differently labeled cell populations (7, 8) . Since asymmetrical division and multi-differentiation potency are the main features of CSCs (9, 10) , there is reason to believe that cells have differentiated and evolved to specialize for different functions. For example, CSCs have been revealed to differentiate into endothelial cells and participate in tumor angiogenesis (11) . Notably, already asymmetrically divided or differentiated cells can, in turn, maintain CSC stemness; however, this mechanism remains to be explored. A recent study confirmed that the stemness characteristic is maintained through the asymmetrical division of aged mitochondria (12) .
Collective invasion has been described as a novel behavior of tumor cells in cancer metastasis (7, 8) . However, the reasons for collective invasion remain unclear. It has been reported that collective invasion may be associated with the heterogeneity of cell populations and differences between cell markers (7) . Other studies have confirmed that vascular and fibronectin-focal adhesion kinase signaling (8, 13) , and cytokine networks (14) have evolved from the tumor microenvironment, and may participate in the collective invasion process. In the process of collective invasion, it appears that information is being exchanged and communicated among cells (8) . However, to the best of our knowledge, there are no reports of intercellular structural involvement. The association between collective movement, and CSCs and vascular niches also remains poorly understood (15) .
In a recent study, Baker discussed and summarized the concept of the cell network as well as the role of networks of nanotubes and microtubules within it (16) . Networks of nanotubes are considered to participate in cellular communication, allowing for the sharing and exchange of various content and information (16) (17) (18) . A previous study demonstrated that the stem cell marker CD133 may be transferred between hematopoietic cells via tunneling nanotubes (19) . Similar membrane microtubules have been detected in vitro and are considered to be, in part, a result of brain CSC differentiation (20) . Networks of microtubules have been reported to markedly promote the malignant progression of brain tumors (20, 21) ; however, despite reports of nanotubes in vitro (22, 23) , reports of structural networks participating in cellular communication in mammosphere growth and invasion are rare.
In the present study, cellular communication was revealed to be widely present in mammosphere growth and collective invasion, through networks of microtubule-like structures and angiogenesis in vitro and in vivo, and the mechanism was explored. The present study aimed to demonstrate a novel behavior of cellular communication in the progression of mammary tumors, and to identify the stemness and differentiation characteristics of mammospheres. In addition, the effects of anti-vascular endothelial growth factor (VEGF) treatment on the prevention of mammary tumor progression were analyzed.
Materials and methods

Animals.
A total of 26 Female athymic nude mice (age, 3-5 weeks; weight, 16.1±0.4 g) were purchased from Shanghai Silaike Laboratory Animal Co., Ltd. (Shanghai, China). The experimental protocol was conducted according to the Regulations of Experimental Animal Administration issued by the Ministry of Science and Technology of the People's Republic of China. Mouse care and usage were approved by the Ethics Committee of the School of Medicine of Xi'an Jiaotong University (approval no. 0108; Xi'an, China). The mice were maintained in air-conditioned pathogen-free rooms with ad libitum access to food and water, at 25±2˚C and 55% humidity under a controlled light-dark cycle (12-12 h).
Cells and culture. MDA-MB-231 and MCF-7 human breast cancer cell lines, and the MCF-10A human normal breast cell line, at passages 3-15 were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). MCF-10A cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 5% horse serum (Thermo Fisher Scientific, Inc.), 10 µg/ml insulin (Thermo Fisher Scientific, Inc.), 100 ng/ml cholera toxin (Biomol GmbH, Hamburg, Germany) and 0.5 µg/ml hydrocortisone (Merck KGaA, Darmstadt, Germany). MDA-MB-231 cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin (Thermo Fisher Scientific, Inc.). MCF-7 cells were cultured in DMEM (Thermo Fisher Scientific, Inc.) supplemented with 10% FBS. All cell lines were cultured at 37˚C in an atmosphere containing 5% CO 2 . Primary MDA-MB-231 or MCF-7 cells were obtained from xenograft tissues; xenografts were generated by subcutaneously implanting 1x10 6 MDA-MB-231 or MCF-7 cells into six athymic nude mice (n=3/group; approval no. 0108), according to the method described by Al-Hajj et al (2) . When the MDA-MB-231 or MCF-7 xenografts reached 1 cm 3 , the fresh tumor tissues were harvested and digested into a single cell (2) suspension in DMEM/F12 supplemented with 10% FBS; these cells were referred to as the primary MDA-MB-231 or MCF-7 cells, respectively. Subsequently, MDA-MB-231 or MCF-7 mammospheres, and primary MDA-MB-231 or MCF-7 mammospheres, were generated from parental MDA-MB-231/MCF-7 and primary MDA-MB-231/MCF-7 cells; for mammosphere generation, these cells were harvested and were maintained in mammosphere culture conditions (24) . Specifically, all of the mammospheres were cultured in serum-free DMEM/F12 medium solution mix, supplemented with B27 (1:50, Thermo Fisher Scientific, Inc.), 20 ng/ml human epidermal growth factor (Merck KGaA) and 20 ng/ml human basic fibroblast growth factor (Merck KGaA) (24, 25) . Mammospheres were collected by gentle centrifugation (1,000 x g) after 7-10 days and were dissociated enzymatically [10 min in 0.05% trypsin (Thermo Fisher Scientific, Inc.)] (24). For differentiation assays, mammospheres were collected and then cultured in DMEM/F12 supplemented with 10, 5 and 1% FBS.
Cell surface markers and cell cycle analysis. MDA-MB-231 and MCF-7 cells were washed three times with PBS and collected following trypsinization. A suspension of mammosphere cells was collected and centrifuged at 1,000 x g for 5 min after trypsinization into single cells. Subsequently, collected cells (1x10 5 -1x10 6 ) were resuspended in 50-100 µl PBS, after which, 5 µl anti-CD44-fluorescein isothiocyanate (FITC) antibodies (cat. no. 560977; BD Biosciences, Franklin Lakes, NJ, USA) and 5 µl anti-CD24-phycoerythrin (PE) antibodies (cat. no. 560991; BD Biosciences) were added in succession. Subsequently, the labeled cells were incubated at 37˚C for 1 h in the dark; the same volume of isotype control antibodies [FITC-labeled/PE-labeled immunoglobulin G (IgG), cat. nos. 555742 and 555574; BD Biosciences] was added to the control group. The labeled cells were then examined by flow cytometry on a FACSCalibur flow cytometer (BD Biosciences), following two rounds of washing in cold PBS. For cell cycle analysis, all cells were harvested and fixed with 75% ethanol on ice for 24 h. Subsequently, the cells were treated with 0.1% RNase A (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) in PBS at 37˚C for 30 min and stained with 50 µg/ml propidium iodide (Nanjing KeyGen Biotech Co., Ltd.) at room temperature for 30 min, after which, cell cycle analysis was conducted using a flow cytometer (FACSCalibur; BD Biosciences) and FlowJo 10.0 software (FlowJo, LLC, Ashland, OR, USA) was used for analysis. Experiments were performed in triplicate.
Statistical assessment of polymerase chain reaction (PCR)
datasets. The PCR data of all cell types were analyzed using the Real-Time PCR analysis software and platform (Bio-Rad Laboratories, Inc., Hercules, CA, USA), in order to generate quantification cycle (Cq) values for each gene. Briefly, cells were collected and total RNA was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. First-strand cDNA was synthesized from 2 µg total RNA using a Reverse Transcription kit (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. All primer sequences were obtained from the National Center for Biotechnology Information (https://www. ncbi.nlm.nih.gov/) and are presented in Table I . The PCR reaction mixture (Takara Bio, Inc.) contained 10 µl SYBR premix EX Taq (2X), 0.8 µl forward and reverse primers (2.5 µM), 5 µl cDNA (2 ng) and 4.2 µl ddH 2 O. Cycling conditions were as follows: Denaturation at 95˚C for 1 min, followed by 40 cycles of denaturation at 95˚C for 20 sec, annealing at 60˚C for 5 sec and extension at 72˚C for 30 sec, with a final 10 min extension at 72˚C. β-actin was used as the internal control. Normalized Cq values were converted to relative log 10 or log 2 expression values. All gene expression levels were calculated using the 2 -ΔΔCq method (26) .
Cell migration and invasion assays. For the migration assays, 4x10 4 non-trypsin-treated primary MDA-MB-231 mammosphere cells/well were seeded into the top compartment of a 24-well plate on 8-µm transwell filters (EMD Millipore, Billerica, MA, USA) in 200 µl pure DMEM/F12 medium. In the lower chamber, 600 µl DMEM/F12 medium supplemented with 20% FBS was added. Subsequently, cells were incubated for 24 h at 37˚C in 5% CO 2 , and non-migratory cells were removed using a cotton swab. Cells that adhered to the underside of the membrane were fixed with 4% paraformaldehyde for 30 min at room temperature and stained with 0.1% crystal violet solution for 20 min at room temperature in the dark. For the invasion assay, the bottom of the 25 cm 2 suspension culture bottle (Corning Inc., Corning, NY, USA), which contained the primary MDA-MB-231 mammospheres in serum-free DMEM/F12 medium solution supplemented with B27 (1:50, Thermo Fisher Scientific, Inc.), 20 ng/ml human epidermal growth factor (Merck KGaA) and 20 ng/ml human basic fibroblast growth factor (Merck KGaA), was coated with 0.75 mg/ml Matrigel (BD Biosciences) and cells were cultured at 37˚C in 5% CO 2 .
Western blot analysis. Primary MDA-MB-231 mammosphere cells were treated with 5 µg/ml bevacizumab (Shanghai Roche Pharmaceuticals Co., Ltd., Shanghai, China) (27) for 24 h at 37˚C in 5% CO 2 . Harvested mammospheres were lysed using radioimmunoprecipitation assay lysis buffer (Merck KGaA) containing 2 mg/ml protease inhibitors for 30 min. The lysates were then centrifuged at 12,000 x g for 20 min at 4˚C, followed by boiling in loading buffer for 5 min. Total protein concentrations were determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc.). Following protein extraction, equal amounts of total cellular protein (150 µg) were separated by 10% SDS-PAGE and were transferred onto polyvinylidene difluoride membranes (EMD Millipore). After blocking with 5% non-fat dry milk dissolved in Tris-buffered saline containing 0.1% Tween-20 (Bio-Rad Laboratories, Inc.) for 1 h at room temperature, membranes were incubated overnight at 4˚C with the indicated antibodies. Subsequently, the immunoblots were probed with horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-mouse m-IgGκ BP-HRP: Dilution 1:10,000, cat.
no. sc-516102; mouse anti-rabbit IgG-HRP: Dilution 1:5,000, cat. no. sc-2357; both Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 2 h at room temperature and were visualized using enhanced chemiluminescence (GE Healthcare, Chicago, IL, USA). Images were captured using a ChemiDoc™ MP system (Bio-Rad Laboratories, Inc.). β-actin was used as a control. Signals were semi-quantified using Image-Pro Plus 6.0 software (Media Cybernetics, Inc. Rockville, MD, USA). The primary antibodies used in the present study were as follows: Mouse monoclonal anti-VEGF (dilution 1:500; cat. no. ab1316; Abcam, Cambridge, UK), mouse monoclonal anti-CD31 (dilution 1:1,000; cat. no. ab24590; Abcam), rabbit polyclonal anti-CD133 (dilution 1:1,000; cat. no. ab19898; Abcam), rabbit polyclonal anti-matrix metalloproteinase 1 (MMP1; dilution 1:1,000; cat. no. 10371-2-AP; Wuhan Sanying Biotechnology, Wuhan, China) and mouse monoclonal anti-β-actin (dilution 1:1,000; cat. no. sc-47778; Santa Cruz Biotechnology, Inc.).
CSC formation and blocking assay. Anti-CD44-FITC and anti-CD24-PE (cat. nos. 560977 and 560991; BD Biosciences) were used to sort CD44 + CD24 -cells (>90% purity) from the trypsinized primary MDA-MB-231 mammospheres using BD FACSMelody™ (BD Biosciences). Subsequently, equal amounts of cells (~1x10 3 ) were allocated to each group and were introduced to the in vitro mammosphere culture system, in which cells were cultured in suspension in 24-well plates (Corning, Inc.) with serum-free DMEM/F12 medium, supplemented with B27 (1:50; Thermo Fisher Scientific, Inc.), 20 ng/ml human epidermal growth factor (Merck KGaA) and 20 ng/ml human basic fibroblast growth factor (Merck KGaA). After 8 days, the number of mammospheres was counted and bevacizumab (5 µg/ml) (27) was added, and after 2 weeks, the number of mammospheres was recounted, and 5 µg/ml bevacizumab was added at 22 days. No interventions were made to the control group. Each experimental group had three replicates.
Orthotopic xenograft tumor model. A total of 20 athymic nude mice were randomly divided into two groups (n=10/group); approximately 1x10 6 MDA-MB-231 cells were subcutaneously implanted into the mice of the first group, and ~1x10 4 MDA-MB-231 mammospheres were subcutaneously implanted into the mice of the second group. The growth of implanted xenograft tumors was monitored every 3-4 days, and the tumor volumes were calculated according to the following formula: Volume=(length x width 2 )/2. After 1 month, mice were sacrificed by cervical dislocation under anesthesia. For immunohistochemistry and hematoxylin and eosin staining (H&E), the tumor tissues were harvested, fixed in 4% paraformaldehyde solution for 12 h at 4˚C and embedded in paraffin. Sections (4 µm) were continuously sliced and stained with H&E (AR1180; Wuhan Boster Biological Technology, Ltd., Wuhan, China), according to the manufacturer's protocol.
Immunohistochemical staining and evaluation. The protein expression in the xenograft tissues was characterized by immunohistochemistry. Briefly, the tissue sections (4 µm) were dewaxed, rehydrated and treated with 3% H 2 O 2 in methanol for 10 min at room temperature to inactivate endogenous peroxidase activity, followed by antigen retrieval in 0.01 mol/l citrate buffer (pH 6.0) in a microwave for 15 min. After blocking with 10% normal goat serum (Thermo Fisher Scientific, Inc.) in PBS at room temperature for 30 min, the sections were incubated with mouse monoclonal anti-VEGF (dilution 1:100; cat. no. ab1316; Abcam), mouse monoclonal anti-proliferating cell nuclear antigen (PCNA; dilution 1:100; cat. no. 60097-1-Ig; Wuhan Sanying Biotechnology), rabbit polyclonal anti-MMP1 (dilution 1:100; cat. no. 10371-2-AP; Wuhan Sanying Biotechnology) and mouse monoclonal anti-CD31 (dilution 1:50; cat. no. ab24590; Abcam) antibodies overnight at 4˚C. Rabbit IgG (dilution 1:100; cat. no. ab172730; Abcam) served as the negative control. After washing with PBS, the bound antibodies were detected using HRP-anti-rabbit/anti-mouse IgG (mouse anti-rabbit IgG-HRP: Dilution 1:1,000, cat. no. sc-2357; anti-mouse m-IgGκ BP-HRP; Dilution 1:1,000, cat. no. sc-516102; both Santa Cruz Biotechnology, Inc.) for 15 min at 37˚C. The sections were treated using the SABC kit (Wuhan Boster Biological Technology, Ltd.), according to the manufacturer's protocol. Sections were visualized using freshly prepared 0.1% DAB (Agilent Technologies, Inc., Santa Clara, CA, USA) for 5 min at room temperature, and were then counterstained with 5% hematoxylin for 30 sec at room temperature to stain the nuclei, after which, they were dehydrated in a graded series of alcohol solutions. Two investigators independently evaluated expression levels in a blinded manner. Semi-quantitative analysis of staining distribution was scored as -, +, ++ and +++ according to the percentage of immunoreactive cells. Specifically, '-' indicated complete absence of staining or weak staining in <1% of the tumor cells, '+' indicated focal staining in 1-10% of tumor cells, '++' indicated positive staining in 11-50% of tumor cells, and '+++' indicated positive staining in >50% of tumor cells. When >10% of tumor cells exhibited immunoreactivity, the sample was defined as immunopositive. The membranous or cytoplasmic expression of VEGF and MMP1, and the nuclear expression of PCNA were considered positive events using a light microscope (Olympus BX51; Olympus Corporation, Tokyo, Japan).
Microvessel density (MVD) assay. The MVD of mouse sections was determined by staining with anti-CD31 (dilution 1:50; cat. no. ab24590; Abcam); staining was evaluated using a light microscope (Olympus BX51; Olympus Corporation), according to the method recommended by Weidner et al (28) . Initially, microvascular staining was observed at a magnification of x100. Subsequently, three 'hot spots' were selected in the regions of highest vascular density. Each brown immunostained endothelial cell or endothelial cell cluster, which was clearly separate from the adjacent micovessels and stromal structures, was counted as a single microvessel. To define MVD, the mean number of microvessels in each field was counted in each of the paraffin-embedded mouse sections (n=10/group).
Immunohistochemical fluorescence staining. Frozen sections of xenograft tumors were washed three times with PBS and were then dried on ice. The cell membranes were penetrated using 1% Triton X-100 for 10 min and the cells were then washed a further three times with PBS for 5 min. Following incubation with 5% bovine serum albumin [Serana (WA) Pty Ltd., Bunbury, WA, Australia] for 30 min at room temperature, rabbit polyclonal anti-CD133 (dilution 1:100; cat. no. ab19898; Abcam) and mouse monoclonal anti-CD31 antibodies (dilution 1:50; cat. no. ab24590; Abcam) were added at 4˚C overnight. Subsequently, sections were incubated with the relative FITC-labeled anti-rabbit/PE-labeled anti-mouse IgG antibodies (dilution 1:1,000; cat. no. ab6717/dilution 1:200; cat. no. ab5881; Abcam) at 37˚C for 1 h in the dark. After washing with PBS, nuclear counterstaining of the sections was performed using 1 µg/ml DAPI (Santa Cruz Biotechnology, Inc.) for 10 min at room temperature in the dark. After washing twice with PBS, the sections were treated with anti-quenchable sealing oil, and were observed and analyzed using a fluorescence microscope (ECLIPSE Ti; Nikon Corporation, Tokyo, Japan).
Statistical analysis. All statistical analyses were performed using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). Representative images are presented or data are expressed as the means ± standard deviation/standard error of the mean (n≥3). Differences among groups were determined using one-way analysis of variance (ANOVA) or two-tailed Student's t-test. Multiple group comparisons were performed by one-way ANOVA, followed by a Tukey's multiple comparison test. Qualitative data were compared using the χ 2 test or Fisher's exact test. All statistical comparisons were two-sided. P<0.05 was considered to indicate a statistically significant difference.
Results
Cellular communication exists widely in mammosphere fusion
and differentiation. The primary MDA-MB-231 cells were harvested and cultured in the in vitro mammosphere culture systems. Initially, the primary mammospheres continued to attract and swallow smaller cell spheres (Fig. 1Aa-c) . Subsequently, cellular-like protrusions appeared and the irregular mammosphere morphology was maintained (Fig. 1B) . In addition, cell fusion occurred when two medium-sized mammospheres came into contact (Fig. 1C) . When two larger mammospheres moved alongside each other, they communicated with each other through cellular-like protrusions (Fig. 1D) (20, 29) . Some microtubule-like contacts were revealed to participate in this mammosphere-to-mammosphere communication ( Fig. 1Ea and b) . Notably, cell fusion also occurred, albeit >1 week after these connections were formed between the large mammospheres (Fig. 1F) .
By adding different concentrations of serum-containing medium (10, 5 and 1%), it was demonstrated that the higher the concentration, the faster the cell fusion was promoted (data not shown). Notably, 1% serum-containing medium made it easier to observe the slow alterations in cellular communication. The results demonstrated that the mammospheres differentiated into linear leaf-shaped cells with cord-like arrangements from their periphery (Fig. 1G and H) . Microtubule-like structures were differentiated and grew in or around the mammospheres (Fig. 1H-J) . Combined, these results indicated that cellular communication may be present in mammospheres during the entire process of dynamic formation and differentiation in vitro.
Networks of cells and microtubules are differentiated among mammospheres. In order to further clarify the footprints of cellular communication, mammospheres were continuously cultured in 1% serum-containing medium. The results demonstrated that microtubule-like structures and fibrous cellular-like cables could further divide into various branches and were widely distributed in the cellular space (Fig. 2Aa-c) .
Varieties of sphere cells were connected and surrounded with these network links (Fig. 2B) . Networks of cells were even re-differentiated and transported along these links ( Fig. 2Ca and b) . As expected, nanotube-like structures on membranes were also observed in cell-to-cell and mammosphere-to-mammosphere communications ( Fig. 2Da and b) . Some cord-like connective structures were differentiated and made up by deformed cell clusters (Fig. 2E) . Furthermore, a large number of structures, including vascular epithelium and vasculogenic mimics, were found to emerge from a change in cell morphology, forming another communication channel network ( Fig. 2F and G) . Similar networks of cells were also observed in these cell channels (Fig. 2Gc) 
High expression of stemness-, invasiveness-and angiogenesis-associated genes in mammospheres.
Gene expression levels in mammospheres were compared with those in parental cells using quantitative PCR. The results demonstrated that CD44, c-Myc and SRY-box 2 genes, which are associated with stemness, were all significantly increased in primary MDA-MB-231 and primary MCF-7 mammospheres compared with the parental cells ( Fig. 5A-C) . Nanog homeobox and POU class 5 homeobox 1, which are genes associated with reproduction and stemness (32) , were also significantly increased in primary MDA-MB-231 and primary MCF-7 mammospheres ( Fig. 5D and E, P<0.01). MMP1, which is a gene associated with invasiveness, and VEGF, which is associated with angiogenesis (33), were also significantly increased in primary MDA-MB-231 and primary MCF-7 mammospheres ( Fig. 5F and G). Combined, these results indicated that the aforementioned genes have been significantly enriched and expressed in primary mammospheres compared with in the parental cells.
Collective invasion in mammospheres through cellular communication.
To investigate whether cellular communication was directly involved in collective invasion, a series of invasion assays were performed in vitro. The results demonstrated that primary MDA-MB-231 mammospheres started collective invasion once the mammospheres gathered and joined into larger mammospheres (Fig. 6A) . Subsequently, the front cells of the mammospheres broke the matrix gel and invaded into the bottom of the culture bottles ( Fig. 6B and C) . Along with the traction of cell cords and microtubule-like structures, mammospheres and cells gradually invaded in an almost completely collective manner ( Fig. 6D and E) . Cellular cable-like connections between cell clusters were also revealed to participate in the collective invasion process (Fig. 6E) . Subsequently, non-trypsin-treated mammospheres were analyzed using the transwell migration assay. The results revealed that mammospheres migrated collectively by following and surrounding long, strip-shaped connection cells (Fig. 6F) .
Since VEGF was considered to serve an important role in collective cancer cell migration (8), and low dose of Figure 3 . Expression profiles of CD44 and CD24 in parental and mammosphere cell groups. All samples were tested using flow cytometry. Cell samples were double stained with anti-CD44-FITC and anti-CD24-PE. FITC-IgG and PE-IgG were used as isotype controls for gating. Representative plots are presented. The percentage of CD44 and CD24 among the groups was compared using one-way analysis of variance followed by Tukey's test and the data are expressed as the means ± standard deviation. Normalized Cq values were converted to relative log 10 or log 2 expression values, and the gene expression levels were calculated using the 2 -ΔΔCq method. Relative gene expression data were compared using one-way analysis of variance, followed by Tukey's test, and are expressed as the means ± standard deviation. bevacizumab could target the VEGF-dependent transendothelial migration of cancer cells (34) , it was hypothesized that low dose of anti-VEGF intervention could potentially inhibit cellular communication. The results demonstrated that following the addition of bevacizumab (5 µg/ml) (27) , after 24 h, the number of peripheral connective cells and microtubule-like structures in the primary MDA-MB-231 mammospheres were clearly decreased (Fig. 6G) . In addition, anti-VEGF intervention resulted in reduced activity of mammospheres, with much lower light transmission compared with the control group (Fig. 6G) . Western blot analysis revealed that angiogenesis-associated VEGF and CD31, stemness-associated CD133 (4) and invasion-associated MMP1 proteins were significantly decreased following bevacizumab intervention ( Fig. 6Ha and b; P<0.01) .
In order to further study the effects of anti-angiogenic therapy on the formation of mammospheres, stem-like cells were sorted and ~1x10 3 cells were allocated to each group. The results demonstrated that following the addition of bevacizumab, the formation of mammospheres was significantly inhibited (Fig. 6I, Table II ; P<0.01). However, during the period (~2 weeks) when no bevacizumab was added, the number of mammospheres formed increased once again. Notably, the number of mammospheres decreased following the second addition of bevacizumab (Fig. 6I) . Compared with the control group, mammosphere growth was significantly reduced in the intervention group during the same period (Table II; P<0.05). These results indicated that by inhibiting angiogenesis, the formation ability of stem-like mammospheres may be effectively inhibited.
CSC and vascular niche formation promote cancer progression by cellular communication in vivo.
In order to further clarify whether cellular communication exists in vivo, tumorigenesis was compared between the MDA-MB-231 mammospheres and parental MDA-MB-231 cells. A minimum of 1x10 6 MDA-MB-231 cells was required to induce tumor formation, whereas <1x10 4 mammospheres were able to induce tumorigenesis (Fig. 7Aa and b) . The results revealed that more tumor nodules, of a larger size, were formed in the mammosphere group, which had more irregular nodular-like protrusions ( Fig. 7Aa and b , and Table III ). In addition, faster growth and larger tumor volume were observed in the mammosphere group (Fig. 7Aa and b) . Notably, tumor angiogenesis was often observed around these nodules in the mammosphere group (Fig. 7Ba and b) . Metastatic lung or liver lesions were also observed in the mammosphere group (Fig. 7C) . Together, these results indicated that mammospheres may promote xenograft growth and metastasis through irregular nodules and angiogenesis.
H&E staining indicated that more microtubule-like structures and similar cellular strand connections appeared in the tissues of the mammosphere group compared with those of the parental MDA-MB-231 cell group (Fig. 7D) . In addition, immunohistochemistry detected a higher positive expression of VEGF, PCNA and MMP1 in the mammosphere group compared with in the parental MDA-MB-231 cell group (Fig. 7E and Table IV) . Analysis of the stained area revealed that all three proteins were expressed near cancer nests (Fig. 7E) . Subsequently, CD31 staining was used to calculate the MVD; the MVD in the mammosphere group was clearly higher than that in the parental MDA-MB-231 group ( Fig. 7F ; P<0.001). Immunofluorescence detection demonstrated that a large number of tumor vascular cells gathered around the CSC niches and tubular channels in the mammosphere group (Fig. 7G) . CD133 + cells were concentrically distributed along the tumor blood vessels and channel structures. In particular, CD133 could be delivered or distributed further along the tissue tubular channels in the mammosphere group (Fig. 7G) (19) . These results indicated that CSCs and vascular niches may Table III . Number of subcutaneous tumors and their diameters.
Number of subcutaneous nodules (n)
Diameter of each subcutaneous nodule (cm) be closely associated with angiogenesis and tubular channels, which are widely distributed in these highly metastatic tissues. All these may enhance the communication between CSC niches and cancer cells in vivo.
Discussion
Cellular communication through synapses and tube structures has recently attracted the attention of researchers (16) .
However, reports of such structures during conventional cancer cell culture in vitro are rare (16) . Cellular communication structures, such as nanotubes or microtubules, have mainly been reported in developmental biology (16) (17) (18) . In the present study, such cellular communication structures were observed during mammosphere formation and differentiation in vitro, proving that microtubule-like structural networks may be present in vitro. Notably, although cell protrusion has been reported in tumor growth of human gliomas (20) , to the best of our knowledge, the present study is the first to detect similar cell protrusions dynamically forming on mammospheres. An increasing number of studies have reported that antenna-like cell protrusions participate in cellular information exchange (20, 29, 35) . Herein, it was determined that these cell protrusions promoted not only cell fusion, but also cellular communication. Notably, it was further observed that some microtubule-like structures and contacts joined in these mammosphere-to-mammosphere communications. Since low doses of serum-containing medium can promote CSC differentiation and facilitate its observation (36, 37) , large microtubule-like structures outside or inside mammospheres were observed when 1% serum-containing medium was added. Further culture revealed that various networks of microtubules were differentiated, with some presenting as a net of vascular and fibrous morphology. In addition, nanotube-like structures on membranes formed part of cellular networks. Based on these networks of microtubule-like structures, cell-to-cell, mammosphere-to-mammosphere and mammosphere-to-cell connection may occur, potentially allowing information to be exchanged.
The present study aimed to determine how cellular communication is reflected in mammospheres. Previous studies have revealed that mammospheres are groups of multi-differentiated cells (1,10) ; therefore, it was hypothesized that there may be a common characteristic between stemness and differentiation that leads to the continuous exchange of information in mammospheres. In the present study, CD44 + /CD24 + cells were significantly increased in all mammosphere groups; however, the proportion of CD44 + /CD24 -cells varied according to different parental cell lines. Since the early stages of high proliferation, invasion and heterogeneous differentiation are partly attributed to CD24 + cells in mammary tumors (30, 38, 39) , and stemness characteristics are mainly attributed to CD44 + cells (2, 31, 40) , the co-expression of CD44 and CD24 may result in high levels of stemness and differentiation in mammospheres. The cell cycle results indicated that mammospheres exhibited a more flexible space for division. Genes associated with stemness, invasiveness and angiogenesis were all highly expressed in mammospheres. The results from the breast cancer cell line analysis revealed that mammospheres and primary mammospheres exhibited a highly invasive collective cell state, in which stemness and multi-differentiation factors were detected (41) . It may be hypothesized that the phenotypic alteration of cells gives rise to an equilibrium state in mammospheres, requiring continuous information exchange between cells.
Studies regarding CSCs and cell clusters have made great progress in determining the mechanism of collective tumor metastasis (7, 8, 42) . In the present study, it was confirmed that cellular communication may participate in this process. During mammosphere migration and invasion, the leader cells, follower cells and mammospheres moved collectively (8) . The results of an invasion analysis demonstrated that microtubule-like structures and cellular cord-like connections were constantly accompanying each other and induced interconnection of cell clusters. Cellular information appeared to constantly be exchanged through this collective movement (8, 18) . Konen et al predicted that there is some cooperation between leader and follower cells in cell cultures during their movement (8) .
Since it has been reported that collective cancer movement is mainly associated with VEGF and fibroblast growth factor (8, 43) , it was suggested that anti-VEGF or anti-angiogenic therapy could inhibit communication. Morphologically, mammosphere growth was significantly inhibited, and the associated cell connections and microtubule-like structures were markedly reduced in response to anti-VEGF. Protein detection revealed that anti-VEGF intervention not only inhibited VEGF and CD31, but also significantly reduced the expression of proteins associated with stemness and invasiveness. The results of the growth and inhibition line analysis demonstrated that anti-VEGF intervention could effectively inhibit the formation and growth of stem-like mammospheres. Through comprehensive analysis, it was hypothesized that the cascade response to anti-VEGF therapy might effectively inhibit the multilineage differentiation of CSCs. VEGF has been reported to serve an important role in information exchange during cell differentiation, including the differentiation of functional endothelium (44) , stem cell remodeling (45) , and to have extensive effects on tumor microvasculature (46) . However, the therapeutic effects of anti-VEGF treatment can be reduced when the addition of the drug is interrupted (47, 48) . It was hypothesized that, due to the persistence of cellular communication, the inhibition of stem-like mammosphere growth and invasion may be one of the reasons for the need for continuous intervention.
In vivo, xenografts from mammospheres promoted tumor growth and metastasis through the development of fusion nodules and angiogenesis. Staining confirmed that the number of microtubule-like channels in mammosphere tissues was increased, and the channels were much longer and messier than those in the parental cell tissues. Immunohistochemical analysis indicated that VEGF, PCNA and MMP1 not only exhibited higher expression in the mammosphere group tissues, but also around cancer nests. MVD was significantly increased and was widely distributed in the mammosphere tissue group, which indicated a large number of microvascular channels within these tissues. This was more apparent in CSCs and vascular niches. As previous studies have reported that CSCs or vascular niches may be the base for metastasis and network-like information export and exchange (15, 49, 50) , it was hypothesized that cellular communication would be more strongly observed near these niches in vivo. However, the transmission of information to the distant areas of the tissues may still need to occur through microtubule-like channels, cell-associated cords or tumor angiogenesis. As previously shown, CD133
+ was not only distributed along the CD31 + cell strip, but could also be delivered further along the tissue tubular channels (19) .
In conclusion, the results of the present study indicated that cellular communication was not only widely present in the growth and differentiation processes of mammospheres in vitro, but was also reflected in vivo. The collective characteristics of stemness and differentiation in mammospheres Table IV . Immunohistochemical analysis of positive expression levels of VEGF, PCNA and MMP1 in two mouse group samples. contributed to the continuous exchange of information. Furthermore, anti-angiogenic treatment may be an efficient method of blocking cellular communication; however, more specific mechanisms need to be explored.
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